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ABSTRACT
Old-growth forests are important stores for carbon
as they may accumulate C for centuries. The alter-
ation of biomass and soil carbon pools across the
development stages of a forest dynamics cycle has
rarely been quantified. We studied the above- and
belowground C stocks in the five forest develop-
ment stages (regeneration to decay stage) of a
montane spruce (Picea abies) forest of the northern
German Harz Mountains, one of Central Europe’s
few forests where the natural forest dynamics have
not been disturbed by man for several centuries.
The over-mature and decay stages had the largest
total (up to 480 Mg C ha-1) and aboveground
biomass carbon pools (200 Mg C ha-1) with bio-
mass C stored in dead wood in the decay stage. The
soil C pool (220–275 Mg C ha-1, 0–60 cm) was two
to three times larger than in temperate lowland
spruce forests and remained invariant across the
forest dynamics cycle. On the landscape level, tak-
ing into account the frequency of the five forest
development stages, the total carbon pool was
approximately 420 Mg C ha-1. The results evi-
dence the high significance of over-mature and
decaying stages of temperate mountain forests not
only for conserving specialized forest organisms but
also for their large carbon storage potential.
Key words: climate change; boreal forest; forest
biomass; growth dynamics; primary forest; coarse
woody debris; Picea abies; Harz Mountains.
INTRODUCTION
The earth’s forests with an extension of approxi-
mately 42 million km2 store about 45% of the global
terrestrial carbon (Bonan 2008). Recent studies
found both net ecosystem and net biome produc-
tivity to be predominantly positive in temperate,
boreal, and tropical forests of young to old age (15 to
>200 years) (Luyssaert and others 2008, 2010),
showing that forests can act as carbon sinks in large
parts of the forest dynamics cycle. The productivity
of mature trees typically declines with age (Ryan
and others 1997), which suggests that forests should
sequester less carbon beyond the age of maximum
growth (Zhou and others 2006). This view has
been questioned by Schulze and others (2009) and
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Dolman and others (2010) who provided some
evidence that old-growth forests may take up more
carbon than formerly expected.
Beside forest age, forest management (including
deforestation) has a large influence on the global car-
bon cycle with deforestation accounting for approxi-
mately 18% of the global CO2 net release to the
atmosphere (IPCC 2007). In forests intensively
exploited for timber, both the biomass and soil C stocks
generally decrease with increasing forest management
intensity (Schulze and others 1999; Yanai and others
2003). This aspect is highly relevant for Europe’s for-
ests which have been subjected to a variety of man-
agement impacts during the past centuries or
sometimes even millennia (Ciais and others 2008;
Ellenberg and Leuschner 2010). These anthropogenic
disturbances included notonly timber harvest, but also
litter raking, fuel wood collection, and wood pasture. A
likely consequence are unbalanced soil carbon stocks,
reduced soil fertility, and often decreased wood bio-
mass stocks inmanycontemporary standsas compared
to old-growth forests (Glatzel 1999).
Unmanaged old-growth forests have a more
diverse stand structure and harbor more deadwood
than managed forests (Chatterjee and others 2009).
Natural stand dynamics proceed from a phase with
abundant offspring to a stage with rapid height
growth and canopy expansion to late stages with
over-mature and finally decaying trees. Over-ma-
ture trees and deadwood with large diameters are
usually absent from managed temperate forests.
Their conservation may reduce timber yield, but
these old trees are of high value for biodiversity
conservation by providing habitats for numerous
specialized organisms, including hole-nesting birds,
bats, xylophagous insects, fungi, lichens, and bry-
ophytes, that are rare or absent from the earlier
development stages (Schiegg 2000; O´dor and oth-
ers 2006; Hilmo and others 2009).
The objective of this study was to examine the
significance of over-mature and decaying forest
patches for the carbon storage in biomass (live and
dead) and soil of a coniferous mountain forest
ecosystem. We conducted a case study in a mon-
tane spruce forest ecosystem on Mt. Brocken,
Germany, which was spared from intense forest
management for centuries and thus represents one
of central Europe’s rare examples of a forest with
natural stand dynamics and all different develop-
ment stages being present in a mosaic of forest
patches (Sto¨cker 1997). We used this study object
to test the hypotheses that stages with predomi-
nantly over-mature and decaying trees are char-
acterized by (1) higher aboveground and (2) higher
soil carbon stocks, assuming a positive effect of an
increasing amount of deadwood and of long peri-
ods without forest management on the carbon
transfer from biomass to the soil.
METHODS
Study Area and Sample Plot Selection
The study was conducted on the eastern slope of
Mt. Brocken, the highest peak of the Harz Moun-
tains (1142 m a.s.l.) in northern Germany, at 900–
1,000 m a.s.l. (5147¢N, 1038¢E) in an old-growth
spruce forest (P. abies (L.) H. Karst.) of 300 ha size.
This forest stand was part of a protected hunting
ground for deer, bears, wolves, and lynxes of the
nobility and clergy since the early Middle Ages
(ca. 800–1,500 AD, Schade 1926), and logging and
forest pasture were prohibited (Jacobs 1871, 1878).
Because of its restricted accessibility, the forest also
has never been exploited for charcoal production
during the long-lasting medieval mining period in
the Harz Mountains (Kortzfleisch 2008). The oldest
spruce trees in the forest are over 280-years-old
(Hauck and others 2012a). The climate of Mt.
Brocken is characterized by an annual precipitation
of 1,600 mm (including 192 mm of snow), an
annual mean temperature of 2.9C (1961–1990),
and 306 fog days per year (Gla¨sser 1994). Parent
rock material is granite; soils are Stagnic Cambisols
and, more locally, Leptic Cambisols, and Histic
Planosols. The typical humus form is mould.
The studied forest includes the full spectrum of
development stages in a forest dynamics cycle. Five
structurally defined development stages were dis-
tinguished following Sto¨cker (1997) (see Table 1).
In each stage, five plots of 10 m 9 10 m were
established. Due to the limited size of the old-
growth stand, it was not possible to select the
sample plots with a completely randomized design.
However, the plots of a given development stage
were more or less evenly spread over the forest area
to avoid clumping of replicate plots in certain sec-
tions of the forest.
For extrapolating to the landscape level, we
quantified the frequency of the five development
stages in the whole study area of 300 ha. We chose
four transects following the 925, 950, 975, and
1,000 m contour lines and assigned the forest at
intervals of 20 m distance to the five development
stages defined in Table 1. Patches showing within a
10-m radius of the sample point the structural
characteristics of two development stages were
assigned by 50% to these two stages (this approach
was necessary at 5% of the sample points). Bogs
and forested scree fields were excluded from this
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calculation. The percental frequency values of the
five stages were averaged over the four transects
and extrapolated to the entire forest.
Determination of Aboveground Biomass
and Carbon Stocks
The height of all trees with a diameter at breast height
(dbh) greater than 7 cm was measured with a Vertex
IV sonic clinometer and T3 transponder (Haglo¨f,
La˚ngsele, Sweden). The dbh was recorded with
diameter measurement tapes at a resolution of
0.5 mm. The height and diameter above buttresses
(dab) of all spruce seedlings and saplings (dbh <
7 cm) were measured with a folding rule and a cali-
per. Furthermore, the length and diameter of the
standing deadwood and the coarse woody debris with
a minimum diameter greater than 2 cm were mea-
sured.
Species-specific allometric biomass equations
established in mountain spruce forests of Bohemia
(Czech Republic) (Cerny´ 1990) were used to esti-
mate the total aboveground biomass of all living
trees with a dbh greater than 7 cm. Aboveground
tree biomass (BA, in kg) was obtained from the
expression
BA ¼ 0:11975  D2  H
 0:81336 ð1Þ
where D is the diameter at breast height including
bark (in cm) and H is the tree height (in m). The
equation was established at trees in three 57-, 78-
and 106-year-old even-aged spruce stands at ele-
vations of 540–630 m a.s.l. growing under compa-
rable climatic and edaphic conditions as exist at our
study site. Nevertheless, we are aware that pub-
lished allometric equations generally face limita-
tions when transferred to other sites, introducing
possible errors in the calculated aboveground bio-
mass figures (Rock 2007). Consequently, we dis-
cuss the biomass data with care. The seedling
biomass (BS, in kg) was estimated after Chen
(1997) with the equation
BS ¼ a þ bH þ cD ð2Þ
with a = -2.726, b = 0.120, and c = 0.658. A car-
bon concentration of 0.504 kgC kgwood
-1 was
assumed for calculating the amount of stored car-
bon from the biomass estimates (Mund and others
2006). All biomass data refer to dry weight deter-
mined at 105C.
A decay class was assigned to every piece of
coarse woody debris following Holeksa (2001) as
defined in Table 2. Eight decay classes of logs and
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and length greater than 1 m were distinguished.
The deadwood volume (V, in m2) was obtained
with the equation V = pr2l, where r is the radius,
and l is the length (cm). The volume of a few
almost square-shaped tree stumps was calculated
assuming the shape of a cuboid. We used the wood
density in these eight decay classes as measured by
Merganicˇova´ and Merganicˇ (2010) and a carbon
concentration of 0.504 kgC kgwood
-1 (Mund and
others 2006) to obtain the biomass and carbon
stocks of all deadwood objects.
Soil Sampling and Chemical Analyses
Soil was sampled from four depths (0–10, 10–20,
20–40, 40–60 cm) in a soil profile in the center of
each plot (25 plots in total). The litter layer was
removed before sampling. At 40–60 cm depth, we
could take samples only from a few plots owing to
high stone content; these subsoil values, therefore,
are discussed with care. Three samples per layer
were taken with steel cylinders (100 cm3) for the
analysis of C and N concentrations and salt-
extractable cation concentrations on a volume
basis. Bulk density and water content of the cylin-
der samples were calculated after measuring fresh
and dry weight (105C, 48 h). The stone content
was obtained for each soil depth from volumetric
and gravimetric measurements (steel cylinder
samples), but was only visually assessed in the field
in the subsoil. The carbon content was calculated
for each soil layer from the measured C concen-
tration, soil bulk density, and the stone content.
The pH was measured in suspensions of fresh soil
samples in H2O or 1 N KCl after 24 h with a MP
120 pH meter and an InLab 413 electrode (Mettler-
Toledo, Greifensee, Switzerland). For calculating
base saturation, the concentrations of K, Na, Mg,
Ca, Al, Fe, and Mn in 5 g of fresh soil extracted
with BaCl2 (100 ml, 2 N) were measured with ICP-
OES (Optima 5300 DV, Perkin Elmer, Waltham,
Massachusetts, USA). Dry soil samples (70C, 48 h)
were pulverized with a disc mill and the total
concentrations of C and N were measured with a
CN analyzer (Vario EL III, Elementar Analysen-
systeme, Hanau, Germany).
Statistical Analyses
Arithmetic means ± standard errors are presented
throughout the paper. Significant differences of
residuals of a one-way analysis of variance (ANO-
VA) for stand structure parameters, biomasses, and
carbon stocks were tested for the five development
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stages were made with Student’s t test. All data of
model residuals were tested for normal distribution
with the Shapiro–Wilk test and for homogeneity of
variances with the Levene test. The carbon stocks
in the different soil layers, which were not nor-
mally distributed, were tested with the Kruskal–
Wallis test. All statistical tests were done with R
2.14.1 (R Development Core Team, Vienna, Aus-
tria) software at a significance level of P £ 0.05.
RESULTS
Aboveground Biomass and Carbon Stocks
The highest number of living trees exceeding a dbh
of 7 cm was found in the initial stage (B), although
standing deadwood was scarce (Table 3). Standing
deadwood was even scarcer in the climax stage (C),
but started to increase in the over-mature stage (D)
to a maximum in the decay stage (E) with a mean
value of 460 dead stems ha-1 and a standing
deadwood mass of 390 Mg ha-1 (Tables 3, 4). The
density of standing dead trees was only reduced to
a small extent from the decay stage (E) to the
regeneration stage (A) of the next forest generation
(Table 3). However, because the height of the snags
was strongly declining from stage E to A, the
standing deadwood biomass was strongly reduced
(Table 4). Lying trunks and other lying coarse
woody debris were more evenly distributed over
the stages; their biomass pool ranged from
15 Mg ha-1 in the decay stage (E) to 41 Mg ha-1
in the over-mature stage (D) (Table 4).
The total aboveground carbon stocks, calculated
as the sum the carbon stocks of living trees with a
dbh greater than 7 cm, tree seedlings and saplings,
and the standing and lying deadwood, increased
with proceeding stand development. The lowest
carbon stocks were found in the regeneration (A)
and initial (B) stages with significantly smaller
biomass stocks and biomass carbon pools than in
the over-mature (D) and decay (E) stages, where
the aboveground biomass reached approximately
400 Mg ha-1 and the aboveground carbon stock
was about 200 Mg C ha-1 (Figure 1). The contri-
bution of deadwood to the total biomass carbon
pool was almost 100% in the regeneration (A) and
decay (E) stages, and decreased to 6% in the climax
stage (C) (Table 4). In over-mature (D) forest pat-
ches, 20% of the aboveground carbon was stored in
deadwood with most of it located in the standing
deadwood. The contribution of lying deadwood to
the aboveground carbon stock was highest in the
regeneration (A) and initial (B) stages.
Table 3. Stand Structure and Soil Properties of the Five Forest Development Stages
Regeneration Initial Climax Over-mature Decay
Canopy closure (%) 82 ± 1.4ab 91 ± 0.8a 90 ± 0.3a 85 ± 0.6a 74 ± 1.0b
Living trees1
Stem density (N ha-1) 40 ± 40a 960 ± 289b 480 ± 66ab 380 ± 37ab –
Basal area (m2 ha-1) 0.2 ± 0.2a 14.0 ± 4.8a 70.5 ± 5.4b 72.6 ± 7.8b –
Mean tree height (m) 3.2 6.6 ± 0.2a 22.5 ± 1.4b 22.3 ± 0.8b –
Mean dbh (cm) 7.6 12.4 ± 0.6a 43.2 ± 3.3b 48.6 ± 1.3b –
Seedlings
Seedling density (N ha-1) 10240 ± 1031b 2640 ± 337a 1380 ± 530a 3120 ± 1203a 2160 ± 717a
Mean seedling height (cm) 70 ± 12ab 124 ± 37a 64 ± 34ab 38 ± 5.7b 34 ± 2.3b
Mean root collar diameter (cm) 1.3 ± 0.2a 2.2 ± 0.5a 1.3 ± 0.6b 1.0 ± 0.1a 0.9 ± 0.1a
Standing deadwood and stumps
Stem density1) (N ha-1) 425 ± 170ab 200 ± 91ab 125 ± 25b 320 ± 58ab 460 ± 60a
Basal area (m2 ha-1) 49.3 ± 14.6a 32.5 ± 13ab 5.1 ± 2.2b 24.4 ± 6.5ab 96.7 ± 7.9c
Mean snag height (m) 2.3 ± 0.9a 1.2 ± 0.4a 1.8 ± 1.1a 3.3 ± 0.7a 8.9 ± 2.4b
Mean dbh (cm) 31.4 ± 7.1ab 24.9 ± 7.3ab 13.9 ± 4.1a 21.7 ± 3.1ab 44.6 ± 6.5b
Soil properties
C/N ratio 19.5 ± 0.7a 20.2 ± 1.7a 21.6 ± 2.1a 19.4 ± 1.1a 19.0 ± 1.0a
Soil C concentration (%) 23.1 ± 5.4a 31.8 ± 5.9a 26.5 ± 5.1a 22.9 ± 5.7a 27.6 ± 5.4a
Bulk density (g cm-2) 0.8 ± 0.13a 0.6 ± 0.03a 0.8 ± 0.07a 0.7 ± 0.06a 0.7 ± 0.06a
Base saturation (%) 39.2 ± 7.0a 41.6 ± 8.0a 38.6 ± 7.3a 41.8 ± 5.5a 35.3 ± 3.9a
pHH2O 3.8 ± 0.06a 3.6 ± 0.24a 3.8 ± 0.03a 3.6 ± 0.11a 3.7 ± 0.06a
pHKCl 3.4 ± 0.07a 3.3 ± 0.22a 3.2 ± 0.06a 3.1 ± 0.13a 3.3 ± 0.08a
n = 5. Given are means and standard errors. Different letters indicate significant differences between the forest development stages.
1Trees with diameter at breast height (dbh) greater than 7 cm.
340 M. Jacob and others
Soil Carbon Stocks
The soil physical and chemical properties showed
no significant differences between the five devel-
opment stages for all analyzed parameters
(Table 3). The soil texture of all plots was similar
and dominated by sand and silt (sand 52%, silt
36%, clay 12%; data not shown). The mean soil
profile depth to the bedrock surface was 54 cm. The
soil carbon stocks did not differ between the
development stages in any soil depth (Figure 2). All
topsoils had high concentrations of SOC due to a
tendency to the formation of shallow Histosol
profiles (40% C of the total dry mass at 0–10 cm,
15% at 10–20 cm). The SOC content decreased to
8.5% at 20–40 cm depth and 3% at 40–60 cm. The
highest carbon stocks (ca. 140 Mg ha-1) were
found in the upper soil (0–20 cm); the stores were
about 70 Mg C ha-1 at 20–40 cm and
40 Mg C ha-1 at 40–60 cm. This adds up to profile
totals of around 250 Mg C ha-1.
Ecosystem Carbon Stocks
On the landscape level, the over-mature (D) and
decay (E) stages were over-represented in the
studied forest; together they occupied approxi-
mately 66% of the total area (Table 5). These two
stages had very high total ecosystem carbon stocks
between 450 and 485 Mg C ha-1 that sum up to
90 Gg C in the whole area of 300 ha, whereas the
regeneration (A) and initial (B) stages together
contributed only with around 15 Gg C to the total
carbon stock of the studied forest (Tables 4, 5). The
mean weighted total carbon pool per hectare of the
study area calculated from Table 5 is 422 Mg C ha-1,
Table 4. Biomass and Carbon Pools of the Different Above- and Belowground Compartments
Regeneration Initial Climax Over-mature Decay
Living trees
Biomass (Mg ha-1) 0.33 ± 0.33a 42 ± 16a 339 ± 30b 328 ± 42b –
Carbon pool (Mg C ha-1) 0.17 ± 0.17a 21 ± 7.8a 171 ± 15b 165 ± 21b –
Seedling biomass
Biomass (Mg ha-1) 0.14 ± 0.02a 0.06 ± 0.01b 0.01 ± 0.01c 0.02 ± 0.01c 0.02 ± 0.01c
Carbon pool (Mg C ha-1) 0.07 ± 0.01a 0.03 ± 0.01b 0.01 ± 0.00c 0.01 ± 0.00c 0.01 ± 0.00c
Standing deadwood
Mass (Mg ha-1) 55 ± 34a 17 ± 10a 4.0 ± 2.8a 57 ± 30a 388 ± 132b
Carbon pool (Mg C ha-1) 28 ± 17a 8.6 ± 5.0a 2.0 ± 1.4a 29 ± 15a 195 ± 66b
Decay class 5.4 ± 0.9a 4.6 ± 1.2a 5.1 ± 1.1a 3.2 ± 0.4a 3.6 ± 0.8a
Lying deadwood
Mass (Mg ha-1) 28 ± 8.9a 23 ± 9.2a 19 ± 5.5a 41 ± 17a 15 ± 6.1a
Carbon pool (Mg C ha-1) 14 ± 4.5a 11 ± 4.6a 9.6 ± 2.8a 20 ± 8.6a 7.7 ± 3.1a
Decay class 4.9 ± 0.3a 4.7 ± 0.4a 5.0 ± 0.3a 4.9 ± 0.5a 4.2 ± 0.4a
Ecosystem C pool
Aboveground C pool (Mg C ha-1) 42 ± 18a 41 ± 15a 183 ± 16ab 214 ± 34b 203 ± 67b
SOC pool (0-60 cm) (Mg C ha-1) 241 ± 37a 223 ± 18a 276 ± 44a 265 ± 19a 221 ± 16a
Total 291 ± 21ab 252 ± 28a 464 ± 35bc 453 ± 19bc 485 ± 79c
Decay classes for deadwood after Holeksa (2001). Given are means ± standard errors, N = 5 plots per development stage. Different letters indicate significant differences
between the forest development stages.
Development stage



























Figure 1. Total aboveground (living trees, tree regener-
ation, deadwood) carbon stocks (Mg ha-1) in five
development stages (A regeneration, B initial, C climax, D
over-mature, E decay stage). Given are means and
standard error of N = 5 plots. Significant differences
between the development stages are indicated with low-
er-case letters.
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and thus close to the ecosystem carbon pool of the
over-mature stage (Table 4).
DISCUSSION
In this old-growth mountain spruce forest, the
ecosystem carbon pool varied nearly by a factor of
two across the different stand development stages,
increasing from 250–290 Mg C ha-1 in the regen-
eration and initial stages to 450–485 Mg C ha-1 in
the over-mature and decay stages. Thus, our mea-
surements indicate that the forest C pool experi-
ences a cyclic variation with an amplitude of
around 200 Mg C ha-1 in the approximately
300 year-long forest dynamics cycle (Sto¨cker 1997)
of this mono-specific coniferous forest. This varia-
tion is nearly entirely caused by tree age-dependent
alteration in the aboveground live and dead bio-
mass fractions, whereas the SOC pool showed no
significant trend across the five development
stages. The very high biomass and ecosystem C
pools in the over-mature and decay stages are pri-
marily the consequence of the low decay rate in the
cold and wet environment of the studied mountain
forest close to the alpine timberline with 5 months
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Figure 2. Soil carbon
stocks (Mg ha-1) in
different soil layers (0–10,
10–20, 20–40, 40–60 cm)
in the five development
stages (A regeneration, B
initial, C climax, D over-
mature, E decay stage).
Given are means and
standard error of N = 5
plots. For the 40–60 cm
layer n is indicated in
each bar (reduced
replicate number due to
high bedrock surface).
Table 5. Carbon Pools and Distribution of the Five Different Development Stages on the Landscape Level
Regeneration Initial Climax Over-mature Decay
Frequency of each development stage (%) 8.4 10.3 14.9 39.1 27.3
Area of each development stage (ha) 25 31 45 117 82
Landscape aboveground C pool (Mg C 300 ha-1) 1,066 1,276 8,158 25,144 16,627
Landscape SOC pool (Mg C 300 ha-1) 6,068 6,895 12,319 31,097 18,105
Total landscape C pool (Mg C 300 ha-1) 7,134 8,170 20,477 56,242 34,732
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to 3C (Gla¨sser 1994). With the death of all spruce
trees until the end of the over-mature stage, 170–
190 Mg C ha-1 are transferred to the fraction of
standing deadwood and are fully decomposed not
before the end of the regeneration stage in the next
forest generation. In a subalpine spruce forest of
the Carpathians with a similar climate as in our
study area, spruce snags and logs had a mean res-
idence time of 47–63 years (volume-based calcu-
lation) or 71–113 years (log number-based
calculation) (Holeksa and others 2008). The con-
tinuous persistence of deadwood across subsequent
tree generations is a characteristic feature of tem-
perate high-elevation and boreal (high-latitude)
forests and distinguishes them from forests in
warmer climates at lower elevation and latitude
(Zielonka 2006; Vandekerkhove and others 2009).
The stable SOC pool during the roughly
300 years of a spruce forest dynamics cycle agrees
with the results obtained from other studies in
coniferous forests (for example, Peichl and Arain
2006; Bradford and others 2008). This contrasts
with the review of Pregitzer and Euskirchen
(2004), who found the highest SOC stocks in the
oldest stand age classes along chronosequences in
the earth’s main forest biomes; in the boreal forest,
these authors assumed the SOC pools to be twice as
high in mature than young stands. However,
Gleixner and others (2009) re-analyzed the tree
age–SOC relationship in temperate coniferous for-
ests with a data set solely consisting of studies with
chronosequence data and found no increase, but
rather an insignificant trend for a SOC decrease,
with increasing age. We explain the lack of signif-
icant changes in the SOC pool during the forest
development cycle in our study with the low
temperature and the absence of stages with high
radiation transmission to the forest floor as they
may result from stand-level disturbance. In the
studied forest, even the decay and regeneration
stages reached a canopy closure of 74 and 80%,
respectively, partly due to the high density of
standing deadwood. Therefore, development stages
with warmer soil and reduced (more favorable) soil
moisture conditions, which could promote
decomposer activity, are lacking in this cold and
moist environment. The positive effect of the gen-
erally low temperature on the size of the SOC pool
is well demonstrated by the 2–3 fold larger soil C
pool in this high-elevation old-growth spruce forest
(220–275 Mg C ha-1 at 0–60 cm) as compared to
managed lowland spruce forests in Germany (ca.
50–70 Mg C ha-1 at 0–30 cm, Oehmichen and
others 2011; 80–100 Mg C ha-1 at 0–90 cm;
Wo¨rdehoff and others 2012). Another reason for
the high SOC pools is most likely the long forest
continuity at Mt. Brocken which is not found in
most lowland spruce stands. Centuries of SOC
accumulation in a climate with a tendency for
carpet bog formation may well result in soil C
stocks greater than 200 Mg C ha-1.
Our estimates of the aboveground live biomass
pool are much higher in their maximum at the
climax stage (>170 Mg C ha-1) than averages
given for boreal coniferous forests (for example,
Gower and others 1994; Pregitzer and Euskirchen
2004; Bradford and others 2008; Keith and others
2009). Even when the landscape-scale mean of the
Mt. Brocken forest is considered (c. 92 Mg C ha-1),
this figure is still considerably higher than the
mean of 73 Mg dry mass (c. 36 Mg C ha-1) given
by Gower and others (1994) for 58 boreal pine
stands or the average of 61 Mg dry mass ha-1 for
Eurasian and American boreal forests reported by
Jarvis and others (2001). This difference is probably
mainly attributable to the higher summer temper-
atures and longer growing season in the temperate
Harz Mountains than in most parts of the boreal
zone. In addition, stand-replacing fires, which are
characteristic for many parts of the boreal forest
zone (Bergeron and Harper 2009), are virtually
absent from the Mt. Brocken spruce forests. Con-
sequently, the basal area is high with greater than
70 m2 ha-1 in the climax and over-mature stages
of this forest, associated with a continuing accu-
mulation of live biomass in the aging trees (see
Schulze and others 2009). In this forest, rare stand-
level disturbance is mostly a consequence of insect
calamities and windthrow. Another factor that
needs consideration is nitrogen. In Europe and
parts of eastern North America, decades of high N
deposition are thought to be a main cause of large
increases in forest productivity and biomass stocks
as were observed in the past 50 years (Nabuurs and
others 2003; Boisvenue and Running 2006). Ciais
and others (2008) estimated that the biomass car-
bon stocks in European forests have increased by a
factor of 1.8 during this period. This must also have
influenced the high-elevation spruce forests on Mt.
Brocken. In fact, dendrochronological records
showed a pronounced increase in the radial stem
growth of spruce in the studied forest during the
last 10–15 years (Hauck and others 2012a), which
should have increased the biomass stocks. This
suggests that the average tree biomass may not be
in a long-term equilibrium in this old-growth for-
est, independent from biomass fluctuations due to
stand dynamics. Nevertheless, the total (live and
dead) aboveground biomass carbon pools of the late
forest development stages (ca. 200–215 Mg C ha-1)
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are already high in comparison to Central Euro-
pean lowland spruce plantations despite the cooler
climate. Typical biomass figures of such managed
stands are in the range of 110–140 Mg C ha-1 at
maturity (70–140 years old; Ellenberg and Leus-
chner 2010; Oehmichen and others 2011) which is
roughly 40% less than is present in the over-
mature and decay stages of the natural mountain
spruce forest. Finally, it must be kept in mind that
the allometric equations used for calculating
aboveground biomass were established in managed
age-class spruce forests and not derived from nat-
ural forests; this may have introduced a certain bias
in the wood mass data of our study.
When assessing the value of old-growth forests
with high carbon density in biomass and soil with
respect to their potential of reducing CO2 emis-
sions, it has to be kept in mind that managed forests
produce commercial wood for products that can
lower carbon emissions from fossil fuels when they
are substituting other products that are produced
with more energy input. For example, Ru¨ter (2011)
and Rock and Bolte (2011) calculated for the Ger-
man forest sector that 1 Mg of carbon in wood
removed from the forest may replace on average
1.1–1.35 Mg of carbon emissions from fossil fuel
sources. If the wood is left to decay in the forest, net
emissions of C are the carbon stored in the
respective piece of wood plus these forgone
replacements. Thus, high wood biomass stores per
se are not a good argument for protecting old-
growth forests. However, the montane spruce for-
est on Mt. Brocken stores (as an average across all
five stages) roughly 35% of the C in AGB and 65%
in the soil. Harvest most likely will considerably
reduce the soil C storage for several decades and
this loss is probably as large as, or greater than, the
CO2 emission reduction achieved when harvested
wood substitutes other products with higher asso-
ciated CO2 emission. This underscores the positive
impact of this mountain spruce forest on the
regional carbon budget.
Our study demonstrates the high significance of
patches with over-mature and decaying trees for
carbon storage in Central European natural conif-
erous forests, a result which is probably transfer-
able to other mountain forest ecosystems in the
temperate zone. The conservation value of old and
decaying trees for protecting specialized taxa of
forest biodiversity is already well established (O´dor
and others 2006; Hauck and others 2012b; Dittrich
and others 2012). The present study quantifies the
important role of over-mature and decaying forest
development stages for ecosystem carbon storage
that has rarely been examined in a landscape-scale
context. Our results support the view that the de-
cay stage at the end of a forest dynamics cycle with
the breakdown of the stand does not decrease, but
rather increase, ecosystem carbon storage, because
the SOC store remains high and the biomass
reduction occurs only after a considerable lag phase
in the regeneration and initial phases of the next
forest generation. This may be a characteristic of
natural forests in cool and moist climates where
large forest fires are rare and biomass reduction
after break-down or disturbance occurs more
gradually. The findings should be an additional
incentive to protect the over-mature and decay
stages of mountain forests with high SOC stores.
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